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Hydroxyl Tagging Velocimetry in Cavity-Piloted Mach 2
Combustor

M. D. Lahr’, R. W. Pitz, Z. W. Douglas*
Department of Mechanical Engineering, Vanderbilt University, Nashville, Tennessee 37235

C.D. Carter®
Air Force Research Laboratory (AFRL/PRAS), Wright-Patterson Air Force Base, Ohio 45433

Hydroxyl tagging velocimetry (HTV) measurements of velocity were made in a Mach 2
scramjet combustor with a wall cavity flameholder. In the HTV method, ArF excimer laser
(193 nm) beams pass through a humid gas flow and dissociate H,O into H + OH to form a
tagging grid of OH molecules. Previously demonstrated with a 7x7 grid of hydroxyl (OH)
molecules, HTV is now demonstrated with an 11x11 grid of OH tracked by planar laser-
induced fluorescence to yield about 120 velocity vectors of the two-dimensional flow over a
fixed time delay. Instantaneous, single-shot measurements of two-dimensional flow patterns
were made in the non-reacting Mach 2 flow from step to step in the cavity under low- and
high-backpressure conditions. Single-shot profiles were analyzed to yield mean and rms
velocity profiles in the Mach 2 non-reacting flow. A set of velocity data (spanning the entire
length of the cavity) for an open wall cavity in a supersonic flow under low and high
backpressure conditions was compiled for validation of CFD models.

I. Introduction

Realistic and accurate velocimetry measurements are essential to the advancement of supersonic and hypersonic
capabilities. In scramjet vehicles, wall cavities are commonly used to stabilize the core-flow flame without excessive
drag penalty. They also provide a recirculation region with sufficient residence time for a sustaining reaction and
core-flow mass exchange. Velocity measurements are needed in this type of configuration under supersonic
conditions for modeling and simulation purposes but require non-intrusive methods, where probes can easily
produce flow disturbances. Typically, non-intrusive gas-phase velocity measurements are made with laser scattering
from particles either inserted or naturally available in the flow. These techniques include particle image velocimetry,
laser Doppler velocimetry, planar Doppler velocimetry, and phase Doppler anemometry.l’2 The use of particles in
laser velocimetry requires the particles to follow the fluid streamlines of the corresponding unseeded flow.
However, in supersonic flows the particle velocity often differs from the actual gas velocity due to particle drag and
a slow response to velocity gradients.” Also, particle seeding in a confined flow can cause window coating, limiting
test times and possibly causing window abrasion. The flow rate and areas in the test section available for
measurements can also be affected.’

Laser-based molecular velocity methods directly measure the gas velocity in the flow, negating the various
problems posed by particle-based methods. Typical molecular-based methods include Doppler-shift techniques and
molecular tagging. In Doppler-shift methods, the Doppler shift of molecules (or atoms) that are added to the flow
are measured and related to velocity. These methods are based on laser-induced fluorescence of the molecules (or
atoms) inserted in the flow such as copper’, hydroxyl®’, nitric oxide®, sodium’, and iodine'’. Doppler-shift methods
are better suited for higher velocity environments where the Doppler shift is much larger and more easily measured.
However, they often yield only average flow velocities due to a lack of signal strength. Although there has been
success with the use of Doppler-based molecular velocimetry methods, the addition of chemical species is often
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impractical in test facilities. Seeding a large facility can become very expensive. It also may pose a risk for high
levels of toxicity and corrosive behavior, and many of these seeded molecules exhibit thermal decomposition at
higher temperatures. In Doppler-shift methods the optical geometry of the laser and the observer define the velocity
component that is measured, and this feature can be limiting. Many laser-induced fluorescence methods that make
use of the Doppler-shift can only be used to measure the component of the velocity in the direction of propagation of
the laser sheet.'' Other Doppler-shift velocity methods are based on Rayleigh scattering from the gas molecules.'*"
Rayleigh scattering signals are typically weaker and harder to obtain in confined facilities than those produced by
Doppler fluorescence owing to the interference caused by laser scattering from the walls and particles in the flow.""

Other laser-based molecular velocity methods are based on molecular tagging. Molecular tagging techniques
yield the gas velocity by time of flight; the molecules in the gas flow are tagged or marked with a laser, and the
movement of the tag gives the velocity. Once a laser line or grid is tagged, the grid will move with the flow. There
is no particle drag or non-uniformity issues associated with molecular velocimetry.The movement of the tagged
regions is imaged by a method dictated by the photochemistry of the tagged molecules (laser-induced fluorescence
in the case of hydroxyl tagging velocimetry). The displacement of the tagged grid over a fixed time period yields
the velocity. This time-of-flight measurement of velocity can be easily implemented because it does not require the
complex calibrations or corrections necessary in the Doppler shift method. Some molecular tagging methods,
similar to Doppler-based molecular velocity methods, use a gas seed. A gas molecule (or atom) is added to the flow
and the molecule is tagged with a laser beam. The molecule can, for example, be electronically excited,
photodissociated, or vibrationally excited. Researchers have used a variety of molecular tags in this technique
including acetone,' biacetyl,ls’16 nitric oxide,'""’ nitrogen dioxide,'® sodium," strontium® and tert-butyl nitrate.?!
Again, seeding a flow with molecules or atoms is often undesirable due to a variety of reasons (expense, seeding
toxicity, corrosive behavior, thermal decomposition, etc.).

“Unseeded” molecular tagging methods use gas tags produced from molecules naturally occurring in air (i.e.,
nitrogen, oxygen, water vapor). They include N," ion*?, ozone”?*, hydroxyl**~’, nitric oxide’*, and vibrationally
excited oxygen.'>** Many of the methods use non-linear laser excitation'***?**!* to produce these tags from air
and the tag is only produced in a small region near the laser focus. In this work, the “unseeded” hydroxyl based
molecular tagging method is used. Hydroxyl tagging velocimetry is a linear method®*™" in which an ArF laser,
operating at 193 nm wavelength, photodissociates water in a humid flow. In this single-photon process,
photodissociation of vibrationally excited H,O creates lines of OH at a concentration higher than the ambient OH.
The OH grid moves for a known period of time and is recorded with laser-induced fluorescence. Hydroxyl is an
optimal tag for this supersonic application as OH is formed immediately by the pulsed laser through H,O
photodissociation, and OH has an adequate lifetime in the supersonic flow. Also, the use of hydroxyl allows for long
lines to be written in a hot flow associated with a scramjet, creating more flexibility and accessibility in the test area
setup.

Non-intrusive velocity data is needed in flows relevant to scramjet combustion. An optically accessible
supersonic flow facility has been developed to study cavity-stabilized supersonic reacting flows. Velocity data from
this study can be used as a comparison or parameter for advanced computational fluid dynamics models.’*** The
HTV method is applied to a Mach 2 flow with a wall cavity flame holder to obtain instantaneous two-dimensional
velocity images, mean velocity profiles, and rms velocity profiles. Velocity measurements are made by using HTV
in the freestream and within the cavity of the Mach 2 cavity-piloted combustor.

II. Experimental System

The hydroxyl tagging velocimetry experiments were conducted at the supersonic flow facility in Research Cell
19 at the Air Force Research Laboratory in the Propulsion Directorate at Wright-Patterson Air Force Base. A
schematic of the flow facility is shown in Figure 1. The air supply to the wind tunnel consists of a series of
compressors and a gas-fired heat exchanger to produce high-pressure/high-temperature air at the desired test
conditions. A uniform, two-dimensional, Mach 2 stream exiting from the nozzle is present at the entrance to the test
section with the flow symmetric about the transverse and spanwise centerlines. Past the nozzle, there is a constant-
area section, upstream of a flame holder cavity, with a cross section of 51 mm high by 153 mm wide. Downstream
of the constant-area section, in the test section, the bottom wall diverges at an angle of 2.5°. A cavity to provide a
flame pilot forms the bottom surface of the tunnel. Fig. 2 shows a schematic of the cavity (the flow is left to right).
It is 17 mm deep and 66 mm long. A shear layer forms at the edge of the first step in the cavity, and the
recirculation zone is produced by the cavity.
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The HTV measurements were taken in the flame holder cavity of the combustor test section. A schematic of the
HTYV system is shown in Fig. 3. Air entered the test section at Mach 2 with a flowrate of approximately 1.4 kg/s. A
Lambda Physik Compex 150T ArF excimer laser was used to produce a 193 nm laser beam. The ArF excimer laser
setup had to be configured to achieve accessible angles through the windows to create the greatest number of visible
crossing points and the least amount of laser scattering. Three different configurations were used to proceed
downstream of the leading edge of the cavity, however; only the position of the grid optics had to be altered to allow
for accessible measurements. The basis for the setup, as shown in Fig. 3, consists of the ArF excimer laser beam (20
mm high by 10 mm wide, 150 mJ/pulse, broadband, 1 nm bandwidth) being split into two beams by a beam splitter,
one traveling under the test section to the other side, and the other beam remaining on the same side of the
configuration. This provided adequate crossing angles for the written lines in the flow regime across the cavity.
The laser grids come in from both sides of the test section with the camera mounted above the tunnel. Each of the
laser beams is sent through the new grid-forming optics to produce two sets of eleven beams each. The grid optics
consist of two major components placed very close together: a 300 mm focal length cylindrical lens (25 mm x 40
mm) and a stack of eleven cylindrical lenses (20 mm wide by 2 mm high). The beam diameter was about 0.3 mm in
the measurement zone. The energies for the two sets of beams before transmission into the tunnel were measured at
as low as 9.4 mJ/pulse on the excimer laser side with a path length of 2.79 m and 7.4 mJ/pulse on the dye laser side
with a path length of 3.91 m.

The ArF excimer generated an 11 x 11 grid of OH “lines” that was subsequently imaged by laser-induced
fluorescence using the overlapped Q,(1) + R,(3) transition of the A’X" (v/ = 1) «— X°IT; (v = 0) band at 282 nm. A
Spectra Physics Model GRC 170 Nd:YAG laser (injection seeded) pumped a Lumonics HD-300 Hyperdye dye
laser. The output of the dye laser was doubled by an Inrad Autotracker II to produce about 20 mJ/pulse of 282 nm
laser radiation. A small portion of the 282 nm beam was split off and directed over a small flame and then to a
photodiode. Signals from the photodiode and a photomultiplier tube—recording the OH laser-induced fluorescence
from the flame—were displayed on an oscilloscope to ensure proper operation of the dye laser and good overlap
with the OH transition. Timing of the lasers and camera was accomplished with a Quantum Composer (Model
9318E) pulse generator. Random (shot-to-shot) timing error between the lasers was about 20 ns or about +1% of
the typical 2 ps timing separation.

The 282-nm beam was expanded by a -150 mm focal length cylindrical lens and focused by a 1000 mm focal
length spherical lens to form a sheet. Retro-reflection of the laser sheet back through the tunnel was implemented to
improve signal strength. The delay was about 5 ns. Both the OH-probe laser sheet and the 193 nm grid were rotated
parallel to the tunnel bottom floor at an angle of 2.5° off the horizontal plane.

A PIMAX “Superblue” intensified CCD camera was used to record the fluorescence from the created OH. The
camera was fitted with a 45-mm {/1.8 UV Cerco lens and Schott glass filters (WG-305 and UG-5) were employed to
block background scattering and fluorescence from tunnel surfaces. With the camera looking down through the top
window of the test section, the field of view was 40 mm square. The 512 x 512 pixel array of the PIMAX camera
was binned 2 x 2 to improve signal strength, with each 2 x 2 binned pixel having dimensions of 156 pm x 156 pm.

A three-dimensional traversing table was located beneath the tunnel. Focusing optics for the setup and the ICCD
camera were arranged and mounted on the table to allow the laser grid and sheet height location to be varied. The
velocity trends above and down into the cavity could then be probed.

III. Results

HTV measurements were made in non-reacting Mach 2 flow with an 11 x 11 grid pattern. The conditions for the
experiments are shown in Table 1. Test A is a low-backpressure condition with the backpressure valve fully open
downstream of the test section. Test B is a high-backpressure condition with the backpressure valve 60% closed to
simulate the pressure rise from main-duct combustion. The two tests were conducted to explore the velocity trends
in the test section with and without shock waves present in the cavity flow. Under low backpressure conditions, the
tunnel flow above the cavity is basically free of shock waves with only a few weak oblique shocks anchored to the
leading edge as shown in Fig. 4.*° With the backpressure valve partly closed, creating high-backpressure, strong
shocks appear above the cavity causing the shear layer to be deflected upward (see Fig. 2 of Ref. 38).

Dry air from the compressors used to run the wind tunnel did not contain adequate humidity levels to achieve
strong OH signals for hydroxyl tagging velocimetry. Water was sprayed into the stagnation chamber to provide
moist air. Water flowrates varied from 17 g/s to 25 g/s with the relative humidity reaching up to 32% to improve the
OH signal with no condensation or water droplets forming on the windows or in the flow. HTV measurements were
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made along the streamwise length of the cavity with measurements taken vertically at each location. The regions
analyzed can be seen in Fig. 5 with the distinction of the measurement zone. The position of the OH grid regions
with respect the cavity walls are shown. Examples of two-dimensional velocity images utilizing the HTV method
with the 11 x 11 grid are shown in Figs. 6, 7, 8, and 9. Fig. 6 is an averaged HTV image (100 single-shots) used as a
reference for the displaced grid patterns. Figs. 7, 8, and 9 are analyzed HTV images with velocity vectors shown on
top of displaced 11 x 11 HTV grid patterns. The method used to obtain the vector field was also used previously
with the 7 x 7 grid pattern*” with the details of the procedure described by Gendrich and Koochesfahani. *' Figs. 7,
8, and 9 include both irregular grid and regular grid spacing for the vector representation. The irregular grid pattern
from the HTV images shown on the left is mapped onto a regular grid shown on the right. The details of the
procedure and its performance characteristics are given by Cohn and Koochesfahani.* The time delays varied in
these experiments from 1 us to 3 ps with the delay at 2 ps for all freestream measurements.

In the freestream above the cavity shown in Fig. 7, the velocity pattern is very uniform with a value of about 680
m/s (note the reference vector of 700 m/s) with the higher velocity (higher than expected for the Mach 2 nozzle) due
to the bottom wall divergence. Moving down into the shear layer, the flow becomes much less uniform and exhibits
a decrease in velocity to about 175 m/s (note reference vector of 300 m/s) as seen in Fig. 8. A single-shot image of
flow in the cavity is shown in Fig. 9. At this depth the flow reverses with the negative velocity reaching up to 200
m/s (note reference vector of 200 m/s).

The average signal-to-noise ratio of the single-shot images is about 5-11. With crossing angles between 135°
and 150°, the center of the line crossings can be determined within 0.1 pixels or a displacement uncertainty of * 16
pm according to previous calculations (see Fig. 5 of Ref. 41). The uncertainty due to the characteristics of the
crossing points is therefore about 5 m/s for a 3 us delay, 8 m/s for a 2 ps delay, and 16 m/s for a 1 ps delay. Thus,
for full-scale displacement, as seen in the freestream, a relative uncertainty of about + 1% can be achieved.

Mean velocity and rms velocity profiles were obtained by analyzing instantaneous velocity images (100 single-
shots at each data point) at various streamwise locations (x-axis) in the cavity shown in Fig. 10. Streamwise
velocity profiles are shown near the centerline of the tunnel from the freestream to down in the cavity in Fig. 11.
The average velocities above the cavity range from about 680 m/s to 730 m/s. The velocity in the freestream is
higher at the inlet to the cavity (x = 0) due to the velocity drop that occurs across the oblique shock anchored to the
leading edge as seen in Fig. 4. The average velocity decreases in the shear layer and becomes negative (about -75
m/s) in the cavity. The shear layer profile appears typical of flows formed behind a rearward-facing step.* The
shear layer width grows with downstream distance, as expected.

The rms velocities for the low-backpressure case are shown in Fig. 12. The rms values in the freestream are as
low as 8 m/s, or about 1.2%. This rms value is due to a combination of freestream turbulence and measurement
precision. Recall that the displacement error is about & 1% and the timing error is about * 1% (statistics on the
timing jitter were not performed) of the typical 2 s delay; of course, the timing error could be largely eliminated by
recording the timing for each image with a photodiode. The rms values increase in the shear layer and then decrease
slightly in the cavity similar to what is observed in the flow behind a rearward-facing step.*

The mean and rms values for the high-backpressure case are shown in Figs. 13 and 14. The profiles are quite
different than those for the low-backpressure case. Shock waves observed previously”® greatly alter the mean and
rms values of the velocity. The mean velocities are slightly lower with the presence of shocks. The profiles do not
correspond to those seen in subsonic flows behind a rearward-facing step.* In this unsteady compressible flow with
shocks, the shear layer is deflected upward.*® Therefore the rms values are highest above the cavity, where shocks
have been previously observed (see Fig. 2 of Ref. 38).

IV. Conclusions

Previously demonstrated with a 7x7 grid pattern, non-intrusive measurements of velocity were obtained in a
Mach 2 flow with a wall cavity flameholder using hydroxyl tagging velocimetry in one centralized location. With
an 11 x 11 grid pattern to display a greater number of vectors in the flow field, velocity measurements are obtained
from edge-to-edge in the Mach 2 non-reacting flow over the cavity under low- and high-backpressure conditions.
The instantaneous planar measurements are analyzed to determine the mean and rms velocities in the streamwise
direction. Under low-backpressure conditions, the velocity drop across the oblique shock attached to the cavity’s
leading edge is evident, while the modification of the mean and rms velocities is shown under high—backpressure
conditions. These measurements demonstrate the benefits of hydroxyl tagging in comparison to particle based
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methods that have difficulty in recirculation regions around high speed core flows. Future work will explore, in
detail, approaches to making measurements in reacting cavities with high-speed cross flows.
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Fig. 1. Facility schematic of the supersonic combustion tunnel in Research Cell 19
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Table 1. Mach 2 Flow with a Wall Cavity

Stagnation Isentropic .
C gd‘ . Conditions Air Back
onditions Mach 2 Mass Pressure
Flow Rate Valve
Test P, T, P T
(kPa) (K) (kPa) (K) (kg/sec) (%)
A 170 520 22 290 14 0
B 170 520 22 290 14 60
y /V{
> A 153
M=2 ——» X m
4 A
17 mm 2.5°
.
2.5°

Fig. 2. Mach 2 Cavity Piloted Flow
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HTV ICCD Camera

ND: YAG pumped dye laser with (308 nm)
frequency doubler, ~282 nm

1000 mm f.l. pos.
spherical lens

Test Section

300 mm f.1.

150 mm f.1. neg. o
cylindrical lenslets

cylindrical lens

ArF excimer laser
~193 nm

Fig. 3. Schematic of the HTV experimental system.
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Fig. 4. Shadowgraph single-shot image over a rectangular cavity in a Mach 2 non-reacting cavity flow at
low backpressure conditions.
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Fig. 5. Overhead schematic of the cavity, showing the position of the HTV images in regards to the cavity
steps and test section walls.

211 i'l'l,-l"llll
-ulutl'\,l'

10+ 00000
0000000
z(mm) | ISR | I'l 208
OO0
1ok llj._,ll]_li
}__HIII

11111

19+ :

20 30 40 50 60
X (mm)

Fig. 6. Averaged un-delayed HTV image (at y = 15.62 mm, where z=0 is the centerline of the cavity and
x=0 is at the front face of the cavity).
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Fig. 7. Single-shot HTV images giving velocity images with an irregular (left) and regular grid (right) in
a Mach 2 nonreacting scramjet cavity flow (at y = 15.62 mm, where z=0 is the centerline of the cavity and
x=0 is at the front face of the cavity).
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Fig. 8. Single-shot HTV images giving velocity images with an irregular (left) and regular (right) grid in
a Mach 2 nonreacting scramjet cavity flow (at y = .4064 mm, where z=0 is the centerline of the cavity and
x=0 is at the front face of the cavity).
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Fig. 9. Single-shot HTV images giving velocity images with an irregular (left) and regular (right) grid in
a Mach 2 nonreacting scramjet cavity flow (at y = -9.75 mm, where z=0 is the centerline of the cavity and
x=0 is at the front face of the cavity).
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Fig. 10. Side-view schematic of the cavity, showing the profile locations along the x-axis.
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Fig. 11. Streamwise mean velocity profiles in the Mach 2 cavity flow showing shear layer between the
freestream and the cavity at low backpressure conditions. (Near centerline, z= 0 mm where z=0 is the
centerline of the cavity and x=0 is at the front face of the cavity)
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Fig. 12. Streamwise rms velocity profiles in the Mach 2 cavity flow showing shear layer between the
freestream and the cavity at low backpressure conditions. (Near centerline, z = 0 mm where z=0 is the
centerline of the cavity and x=0 is at the front face the cavity)
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Fig. 13. Streamwise mean velocity profiles in the Mach 2 cavity flow showing shear layer between the
freestream and the cavity at high backpressure conditions. (z= 0 mm where z=0 is the centerline of the
cavity and x=0 is at the front face of the cavity)
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Fig. 14. Streamwise rms velocity profiles in the Mach 2 cavity flow showing shear layer between the
freestream and the cavity under high backpressure conditions. (z=0 mm where z=0 is the centerline of
the cavity and x=0 is at the front face of the cavity)
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